Carbon dioxide (CO 2 ) capture and storage (CCS) is considered widely as one of promising options for CO 2 emissions reduction, especially for those countries with coal-dominant energy mix like China. Injecting and storing a huge volume of CO 2 in deep formations are likely to cause a series of geomechanical issues, including ground surface uplift, damage of caprock integrity, and fault reactivation. The Shenhua CCS demonstration project in Ordos Basin, China, is the first and the largest full-chain saline aquifer storage project of CO 2 in Asia. The injection started in 2010 and ended in 2015, during which totally 0.3 million tonnes (Mt) CO 2 was injected. The project is unique in which CO 2 was injected into 18 sandstone formations simultaneously and the overlying coal seams will be mined after the injection stopped in 2015. Hence, intense geomechanical studies and monitoring works have been conducted in recent years, including possible damage resulting from the temperature difference between injected CO 2 and formations, injection induced stress and deformation change, potential failure mode and safety factor, interaction between coal mining and CO 2 geological storage, determination of injection pressure limit, and surface monitoring by the interferometric synthetic aperture radar (InSAR) technology. In this paper, we first described the background and its geological conditions of the Shenhua CCS demonstration project. Then, we gave an introduction to the coupled thermo-hydro-mechano-chemical (THMC) processes in CO 2 geological storage, and mapped the key geomechanical issues into the THMC processes accordingly. Next, we proposed a generalized geomechanical research flowchart for CO 2 geological storage projects. After that, we addressed and discussed some typical geomechanical issues, including design of injection pressure limit, CO 2 injection induced near-field damage, and interaction between CO 2 geological storage and coal mining, in the Shenhua CCS demonstration project. Finally, we concluded some insights to this CCS project.
1. Introduction
Shenhua carbon dioxide capture and storage (CCS) demonstration project
China's Shenhua Group is the largest company of coal production and utilization in the world, especially in coal to liquids and chemicals. With the responsibility for the China's energy security, the company tries to find ways of reducing the reliability on crude oil and pays much attention to the carbon dioxide (CO 2 ) emission reduction.
Shenhua Group is carrying out China's first full-chain CO 2 capture and geological storage demonstration project in China, where CO 2 was captured from tail gas of coal to liquids process and stored in deep saline aquifers. High-purity CO 2 of 99.9% was achieved after desulfurization, dehydration, and purification process. The storage site (see Fig. 1 ) is located in the Chenjiacun village, Erdos City, Inner Mongolia Autonomous Region, China (Zhang et al., 2016) . There are one injection well (ZSZ-1) and two monitoring wells (ZSJ-1 and ZSJ-2) drilled for the CCS demonstration project. The CO 2 injection scale is 0.1 million tonnes per annum (Mtpa) for three years. CO 2 has been injected since 2010 and 0.302 million tonnes (Mt) CO 2 was injected at the end of 2015.
The closure process will be put on the agenda for the project in 2016 Li et al., 2016b Li et al., , 2016c .
The injection well was perforated in deep saline aquifers of Mesozoic sandstone (Liujiagou, Shiqianfeng, Shihezi, Shanxi, and Taiyuan formations) and Paleozoic Majiagou carbonate rocks (Fig. 2) . The main target formations for CO 2 injection are saline aquifers under the mining coal seams. The geological strata for CO 2 injection are of low-porosity, low-permeability and highheterogeneity. According to suggestions from the geological preassessments, hydraulic fracturing and a multilayer injection procedure were employed to improve the injectivity and to reduce the potential overpressure risks (Diao et al., 2014; Liu et al., 2014a) . Monitoring activities were carried out with borehole sampling of fluid, well based temperature and pressure monitoring, vertical seismic profiling (VSP), and pressure testing in the injection well and observation wells. From the monitoring data, the project runs well and there is no CO 2 leakage and/or associated environmental hazards. The monitoring data showed that the total injection rate increased after the injection started, while the injection initiation pressure decreased with only a minor pressure build-up development (Kuang et al., 2014; Li et al., 2016a) . Additionally, the injectivity of the uppermost injection layer, i.e. Liujiagou sandstone formation which was not fractured, was evolved into the most effective reservoir over the years. More than 90% of injected CO 2 was stored in the Liujiagou formation.
The technology package and all the process equipment of the Shenhua CCS demonstration project achieved the domestic purchases, in addition to the high-pressure injection pump. According to the final adjusted trial balance, the total investment of the project is CN U189.506 million (about US $30.39 million as of 31
December 2012) without a consideration of liquidity. The details are listed in Table 1 . It can be found that the costs of installation process and construction account for half of the total investment of the project, which is greater than the proportion of a general chemical project. In addition, the cost of subsurface storage equipment was the highest of the total investment of the project. The detailed operating costs and life cycle cost analysis can be referred to Wu (2013) .
Geological settings
The Ordos Basin is located in the west-northern China, which is the second largest hydrocarbon-bearing sedimentary basin in China. It is a major energy and chemical industry center in China, including oil, natural gas, and coalbed methane, coal, and uranium ore. The Ordos Basin has a long petroleum exploration history, in which more than 50 oil and natural gas fields have been observed.
The Ordos Basin is a typical cratonic basin that is developed and evolved into a large stable basin from the Paleozoic to the Mesozoic and Cenozoic, with tectonic movements dominated by both regional uplift and subsidence since the early Paleozoic. Tectonically, the basin can be subdivided into six structural units: the Yimeng uplift, the Weibei uplift, the Jinxi fault-fold belt, the Shaanbei slope, the Tianhuan depression, and the Western Edge thrust belt. The to-date average regional geothermal gradient of Ordos Basin is 22e33 C/km and the hydrostatic pressure gradient is basically 9.5e10.5 MPa/km. In the vicinity of the Ordos Basin, there are many active or deep faults at the boundaries. In the basin center, there are also several faults and basement fractures. Except for the thrust fault features and depressions at the margins, the 
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Shaanbei slope, a major portion of the basin, is a large-scale (area of 1.10 Â 10 5 km 2 ) monoclinal structure with a dip of 1 e2 to west. The Shaanbei slope is characterized by a relatively stable tectonic environment with rarely reported regional faults, which can be considered to be a favorable structural unit for CO 2 geological storage.
The Ordos Basin is at present a topographic plateau; however, after the Permian, this basin becomes a site of continental sedimentation with repeated deformations. The absences of Upper Ordovician, Silurian, Devonian, and Carboniferous strata are marked by a major regional unconformity.
The Ordos Basin was developed on the Archean granulites and lower Proterozoic green schists. The top surface of geological formation deeper than 800 m is discussed as follows. From the later carboniferous through the Jurassic, a thick terrestrial stratigraphic section consisting of lacustrine, fluvial, wetland, and deltaic strata was accumulated, including shale, mudstone, coal, and sandstone with a thickness of 2300e5700 m. The Lower Triassic Liujiagou formation composed of red fluvial, deltaic, and shallow-lacustrine clastic rocks was deposited in an arid climate. Lithologically, sandstone mainly consists of sandstone beds with many thin mudstone interlayers. The maximum thickness of sandstone in the Liujiagou formation exceeds 120 m. The Yanchang formation, a major oil reservoir and rock source in the Ordos Basin, was deposited during the Middle and Upper Triassic Periods. Over 1000 m thick sediments of the Yanchang formation are mainly of dark gray shale, siltstone, fine-grain sandstone, and coal seams. The stratigraphic sequence of the Yanchang formation shows a complete cycle of coarse-fine-coarse sedimentation, and records the entire cycle of the beginning, developing, and ending of a large inner lake. The Luijiagou, Shiqianfeng, Shihezi, and Majiagou formations were chosen as the reservoirs with upper buffer formations that are suitable for the CO 2 geological storage. The porosity of Liujiagou formation ranges from 0.06 to 0.17, and horizontal permeability ranges from 0.2 mD to 6.8 mD (Wei et al., 2014a) . The strata information of ZSZ-1 of the Shenhua CCS demonstration project is depicted in Fig. 2 (Wu, 2013) .
Geomechanical issues of Shenhua CCS demonstration site

Review of geomechanical issues
CO 2 storage in deep geological formation is a complicated multiphysical problem associated with coupled thermo-hydromechano-chemical (THMC) processes in porous media (Zhang and Song, 2014) . Fig. 3 shows the coupled THMC processes for CO 2 geological storage. According to the principle of effective stress, injecting super-critical CO 2 into deep porous media leads to the increase of the pore pressure around the injection area, resulting in the decrease of the effective stress of the rock mass and the change of stress fields (process 6). Conversely, alteration of stress field has a significant effect on the porosity, permeability and capillary pressure of rock mass, which impacts the injection and migration of CO 2 (process 7). In addition, the difference of temperature between the injected CO 2 and the surrounding stratum changes the temperature distribution field around the injected area (process 2), which can exert significant influences on the density and viscosity of fluid as well as the injection and migration of CO 2 (process 1). Meanwhile, the temperature difference can act as the thermal load imposed on the rock mass to change the stress field directly (process 3). However, as for the time span of CO 2 geological storage up to hundreds of years, the effect of the CO 2 -water-rock interactions on the geomechanical issue can be ignored. On the one hand, the reactions between the CO 2 , water and rock dominate the dissolution and precipitation of minerals to affect the leakage pathway of CO 2 and the properties of the fluid and rock mass, thus change the stress and seepage fields indirectly (processes 8 and 10). On the other hand, heat absorption and release resulting from CO 2 -water-rock reactions also change the temperature field of geological system directly (process 4). In this regard, the changes of seepage and temperature fields can affect the speed and direction of CO 2 -waterrock reactions and change the coupled process subsequently (processes 5 and 9). In conclusion, the process of CO 2 geological storage includes the transport of heat, seepage of multi-phase fluid, geomechanical response, reactions and transport of chemical sources, etc. (Li and Ito, 2008; Yin et al., 2011; Kolditz et al., 2012; Li et al., 2014a Li et al., , 2016d Yang et al., 2015a) .
In view of the complexity, persistence and large scale of the CO 2 geological storage system, the geomechanical issues induced by the injection, migration and storage of super-critical CO 2 are the concerns of researchers, policy-makers and the public Chen et al., 2015) . Fig. 4 shows the brief descriptions of ground surface uplift, the mechanical integrity of caprock and wellbore, as well as the existing fault reactivation and potential notable seismic events (Li et al., 2013b (Li et al., , 2016d Wei et al., 2014b) . Ground surface uplift comes from two driving forces. Firstly, increase of pore pressure induced by CO 2 injection leads to the decrease of effective stress , resulting in the pore volume expansion in the injection area. Secondly, CO 2 gathering at the bottom of caprock gives rise to the significant increase of pore pressure here, resulting in the upward bending deformation of caprock Liu et al., 2016) . Thus, the combined effect of the expansion of injection area and the bending deformation of caprock provides an extrusion force for the overlying rock mass. This finally determines the ground surface deformation. In general, the upward deformation of stratum increases with the increasing depth in the vertical direction. The minimum upward displacement is located at the ground surface, whilst the maximum lies in the top of injection well. Moreover, in the horizontal direction, the closer to the injection well the location is, the greater the upward displacement will become Liu et al., 2006; Liu and Kvamme, 2008; Cappa et al., 2009; Rutqvist, 2012; Zhou and Burbey, 2014; Zhu et al., 2015) .
A most significant escape way for the stored CO 2 is the leakage through the connected fractures in the caprock. The mechanical integrity of caprock is considered to be damaged once pre-existing fractures are reactivated or new fractures are generated in the intact caprock, which is usually considered as the criterion for the mechanical integrity of caprock (Wei et al., 2016) . However, the leakage pathway of CO 2 is difficult to be determined accurately based on the location of the fractures, i.e. the pre-injection fractures activation or induced fractures are not the sufficient conditions for CO 2 leakage, which is closely related to the stress state. For instance, the fractures are regarded as the leakage pathway for CO 2 only when the dilatancy effect is observed under low normal stress, resulting in the high porosity and permeability. Otherwise, the fractures are treated as the flow barrier under the condition of high normal stress, leading to low porosity and permeability (Li et al., 2005; Li, 2009; Zhou and Burbey, 2016) . Fig. 5 shows the relationship between the CO 2 leakage and the normal stress state of fractures (Gutierrez et al., 2000; Alonso et al., 2012) . However, it is not an easy work to investigate new fractures that may be generated during the storage process or mainly the propagation or reactivation of existing fractures of the caprock. In particular, the orientation of fractures or joints and their distribution are very important for simulation and decision process because they can definitely affect the leakage determination, stress-field deformation, and so on.
Geomechanical processes of CO 2 storage system can also impact the deformation and stress conditions of the wellbore during injection and migration, as well as the long-term storage. There are three main types of damage modes of wellbore integrity, including cracking at the interface of rock and cement, fracturing at the interface of cement and well casing, as well as fractures appearing in the cement and well casing. Rock failure or deformation in the injection area may exert extrusion force on the wellbore, resulting in the damage of wellbore. Moreover, the temperature difference between the inner and external borehole walls generates thermal expansion or cold shrinkage action on the wellbore, further contributing to the crack development in the wellbore. As a result, the chemical reactions of CO 2 -water-rock affect the properties of rock and cement, changing the stress state of wellbore indirectly (Orlic, 2009; Dusseault, 2011; Rutqvist, 2012; Li et al., 2011 Li et al., , 2013b Li et al., , 2014a .
It is indicated that the fault always brings negative effects on CO 2 geological storage system, one of which is the fault reactivation or notable seismic events. Fig. 6 shows two kinds of mechanisms for the fault reactivation in the storage system:
(1) If the fault is close to or passes through the aquifers, the fluid in the aquifers is displaced into the fault by the injected CO 2 , which leads to the increase of pore pressure and the decrease of effective stress of fault until the fault is reactivated. It can be depicted by the Mohr's stress circle with the unchanged radius moving left until it contacts the fault failure envelope. (2) If the fault is located under the aquifers, the continual injection of CO 2 is deemed to increase the load applied to the fault walls and change the stress condition of fault, which is likely to cause the reactivation of fault as well. It is suggested that the radius of Mohr's stress circle enlarges continually until it contacts the fault failure envelope (Ellsworth, 2013; Wei et al., 2015; Li et al., 2016d) .
Mapping geomechanical issues into the Shenhua CCS demonstration site
The Shenhua CCS demonstration project is the first massive exploration for CO 2 capture and geological storage in China. The initial purpose of the demonstration site is designed for sealing 0.1 Mt of CO 2 to explore and verify the feasibility of massive CO 2 storage in the Ordos Basin. Its success will determine the next storage plan of CO 2 with 1.0 Mtpa. Thus, geomechanical issues associated with the process during injection and long-term storage have attracted intensive attentions of various researchers and engineers.
Notable seismic events or earthquakes induced by the fluid injection generally result from the fault reactivation or the rupture of the integrated rock stratum Cappa et al., 2009; Lei et al., 2014; Wei et al., 2014b) . According to the geological structure mapping, the rock stratum in the target region is gentle monoclinic trend from northwest to southeast with a slight angle of 1 e2 , and there are a few local compressive structures with tiny squeezing amount. It can be concluded that there is no significant fault near the target region based on the geological exploration data.
The saline aquifers selected as the target injection layers are characterized by quite small porosity and permeability. According to the numerical results at the feasibility study stage, the largest migration distance from the injection well to the leading edge of CO 2 plume is about 200 m under the condition that the permeability and injectivity of reservoirs have been improved through hydraulic fracturing. It can be seen that the compact reservoirs have no advantage for the CO 2 migration, which leads to massive CO 2 gathering under the bottom of caprock in a narrow range and makes the pore pressure increase sharply. The increasing pore pressure seriously disturbs the stress condition of the bottom of caprock, thus the risks of caprock cracking are increased, and the possibility of damage to the mechanical integrity of caprock would increase. In addition, increasing injection pressure is a general approach to promote the CO 2 migrating to a wider range; however, high injection pressure would fracture the reservoir and crack would extend to the interface of reservoir and caprock, and even enter into the caprock. In conclusion, the mechanical integrity of caprock is a challenging issue in the safety assessment of the Shenhua CCS demonstration project.
The greatest challenge for CO 2 storage in the Ordos Basin is that the CCS project and the coal mining sometimes encounter each other at the same location. Fig. 7 shows the simplified relationship between the reservoir and the coal seams (Li et al., 2014c) . It can be seen that four coal seams are located 270e440 m above the caprock. The excavations of coal seams will severely break the stress equilibrium condition of rock stratum above the reservoir and could lead to the roof falling and floor heaving in the excavation area. These may significantly promote the wellbore instability and ground surface subsidence, as well as the caprock fracturing. Thus, it is essential to conduct a comprehensive analysis for the impact of excavation on the CO 2 storage system.
Flowchart for geomechanical analysis of CO 2 geological storage
In previous sections, we have discussed the mechanisms of various geomechanical issues in the CO 2 geological storage systems and the potential risks associated with geomechanics resulting from CO 2 injection, migration and storage in the Shenhua CCS demonstration project. This is of significance to provide a comprehensive analysis of the geomechanical issues in terms of safety. However, assessment of the safety based on the current technical conditions and analysis approaches is a challenging issue. This section will focus on the flowchart for the analysis of geomechanical issues in the CO 2 geological storage systems associated with geological modeling, mechanical parameters identification, numerical modeling, monitoring, and feedback, etc. Fig. 8 shows a recommended flowchart for the analysis process including seven steps, which is similar in concept to the flowchart of Feng and Hudson (2011) , but more attention is paid to the calculations of safety evaluation indices and the selections of coupling analysis methods.
Step 1: Clarifying the objectives There can be different analysis objectives for various CO 2 storage sites. As for the selected site, it is priory to establish the objectives of safety analysis, including the scale and time spans of CO 2 geological storage, injection patterns, and selected site range, etc. For instance, the objective of the Shenhua CCS demonstration site aims to comprehensively analyze the potential geomechanical issues under the condition that all the CO 2 up to 0.1 Mt is injected into the deep saline aquifers merely through a single injection well.
Step 2: Geological site characterization and identification of key issues Detailed geological survey by well logging and threedimensional (3D) seismicity is beneficial to verifying the geological conditions of the selected site, which is helpful for identifying the adverse geological factors and capturing the key geomechanical issues. For the Shenhua CCS demonstration project, there are three main features in the storage site, including no apparent faults, the reservoir stratum with low permeability and CO 2 storage and coal mining encountered at the same location. Thus, it is concluded that the mechanical integrity of caprock and the stability of wellbore, as well as the mechanical influence on the CO 2 storage system from coal mining, are the key mechanical issues in this project.
Step 3: Determination of mechano-hydraulic parameters Determining the mechano-hydraulic parameters is desirable prior to the analysis of geomechanical issues. Tests (e.g. laboratory and field tests) and analogies are the most widely used methods. The 3D seismic survey technology is used to obtain the porosity and permeability of the whole stratum in the Shenhua CCS project site. However, the data obtained from 3D seismic technology are usually of low credibility and need to be calibrated by well logging technology. The mechanical parameters, including elastic modulus, Poisson's ratio and strength, can also be acquired by well logging technology (Guo et al., 2015) . In addition, laboratory test of rock core is an excellent supplement for the field tests. For example, conventional triaxial test is usually considered as a standard means to measure the mechanical parameters of rock cores and core flow test is always a reliable technology to obtain the hydraulic parameters in the laboratory.
Step 4: Preparations for numerical simulations
The procedures for numerical simulations cover establishing a computational model and choosing an applicable constitutive model as well as a suitable simulation method. Based on the descriptions in the steps 2 and 3, the computational model is to be established by combining the geological information of stratum and structures, mechano-hydraulic parameters of rock mass and boundary, and initial conditions. Then we should choose a suitable analysis method, including constitutive model and coupling simulation method. Li et al. (2013b) provided a comprehensive review on the geomechanical modeling approaches in the CO 2 geological storage, in which the guidance for the classifications and selections of coupling method and rock constitutive models concerning various geomechanical issues has been discussed. Based on the potential geomechanical issues and the geological features in the Shenhua CCS demonstration project, it is recommended to choose elastic or elastoplastic constitutive model combined with one-way coupling or partial coupling method. Moreover, in addition to some in-house codes like CODE_BRIGHT (Vilarrasa et al., 2016) , FEHM (Kelkar et al., 2014) and TOUGH2Biot (Lei et al., 2015) , coupling simulators including COMSOL ), ABAQUS-ECLIPSE (Fei et al., 2015) , TOUGH2-FLAC 3D (Rutqvist, 2011) , SIMED II-FLAC 3D (Connell and Detournay, 2009 ), ABAQUS-STOMP (Nguyen et al., 2016) and ABAQUS-CMG (Siriwardane et al., 2016) are popular simulating codes for numerical simulations of CO 2 geological storage.
Step 5: Geomechanical calculation and feedback analysis According to the works described in step 4, the numerical calculation is conducted to analyze the stress-strain field, displacement field, pore pressure field, temperature field and CO 2 distribution. To ensure the accuracy of the computational results, the feedback analysis is necessary through comparing the monitoring data with the numerical simulation results. If both results have a good consistency, the next step in this flowchart can be carried out; otherwise, the computational models, including initial and boundary conditions, geological models, stratum parameters, and analysis method, should be verified. The numerical calculation results should be re-checked with the monitoring data. The abovementioned steps are repeated until the numerical simulation and monitoring results obtain a good correlation. In the Shenhua CCS demonstration project, a comprehensive monitoring system has been established to monitor the variations of CO 2 storage system resulting from CO 2 injection and migration. For instance, interferometric synthetic aperture radar (InSAR) is used to monitor the ground surface deformation, and the 3D seismic technology or four-dimensional (4D) multicomponent seismic technology is used to monitor the CO 2 distribution (e.g. Ma and Morozov, 2010; Yang et al., 2015b) .
Step 6: Calculating the safety evaluation indices Geomechanical safety of CO 2 storage site covers local and global safety. Cracking in the caprock and wellbore can be defined as the issues of local safety, and excessive ground surface deformation and the fault instability can be defined as the issues of global safety.
For the local safety, it is recommended that the failure approach index (FAI) is worked as the evaluation index, and can be defined as .
where
where e p ij is the plastic deviator strain; g r p is the ultimate plastic shear strain; YAI (Zhou et al., 2005) is the yield approach index depicted in, which is written as
where d 1 is the distance from a stress point in the principal stress space to the yield surface along the most unfavorable path, and d 2 is the maximum distance from the point within yield surface to the yield surface along the same path. According to the computational results in the step 5, the FAI at each point of computational model can be acquired through putting the stress and strain data into Eqs. (1)e(3), and then the safety state of each point can be evaluated. For the integral safety, it is recommended that factor of safety (FOS) is considered as the evaluation index, which can be acquired by strength reduction method (SRM) and expressed as
where c and 4 are the realistic cohesion and angle of internal friction of rock mass, respectively; c cri and 4 cri are the cohesion and angle of internal friction of rock mass at the critical state, respectively.
The key point of SRM is to search the critical state of the integral computational model. There are two criteria of critical state recommended. The first one is that the plastic zones are connected, which means that the fault is reactivated or the whole CO 2 storage system fails. Yuan et al. (2013) provided the detailed process for evaluating the site stability using SRM that considers the plastic zones connecting as the criterion of critical state. The other is ground surface deformation reaching a critical value, which also means the whole CO 2 storage system loses its function. The critical value can be determined according to the permissible displacement of ground surface structures and underground utilities.
Step 7: Conclusions and decisions If the safety evaluation indices meet the requirements, it means all the objectives, including the selected site, injection pattern and storage volume, are reasonable and feasible. Otherwise, all the objectives should be readjusted, namely the steps 1 and 2 should be re-conducted until all the evaluation indexes meet the requirements. It should be noted that model and parameter uncertainties may play a core role in numerical simulations. Furthermore, some sensitivities of the project may be the major concerns in any assessment steps (Deng et al., 2012 (Deng et al., , 2015 Wei et al., 2016; Yu et al., 2016) .
Designing the upper limit of wellhead injection pressure
The Shenhua CCS demonstration project includes a single injection well, ZSZ-1, and two monitoring wells, ZSJ-1 and ZSJ-2. The depths of three boreholes are about 3000 m. Injection well ZSJ-1 has four main components, i.e. surface casing, intermediate casing, tieback casing and suspension sleeve. The well-section depth of the suspension sleeve is 1218.28e2589.97 m. The outer diameter of the suspension sleeve is 139.7 mm. As the first large-scale injection of CO 2 , there are few experiences on the stability and safety control of wellbore and formation. To reduce the risk of uncertainties, we advised that a trial injection stage should be added. During the trial injection stage, one representative formation (see Fig. 9 ) should be first chosen and injected with increased wellhead pressure from relatively low level. Most important of all, an upper wellhead pressure limit should be determined as safety control. This upper limit could be adjusted according to the actual injection effect, project aims or reservoir reconstruction. Here, a Fig. 9 . CO 2 injection to a single reservoir. fast explicit finite difference method used to design the maximum wellhead pressure during the trial injection stage will be presented (Bai et al., 2012) .
Assumptions
The mathematical model of pipe flow discussed in this paper should follow some basic assumptions as follows:
(1) Single phase fluid flow in pipe; (2) One-dimensional (1D) steady flow in pipe; (3) Injection to a single formation; (4) The wellbore is vertical and only one casing is considered.
Equations
In Fig. 10 , the positive direction is the same as that of the fluid injection. Based on the basic principle of flow dynamics, the equation of continuity for 1D steady flow is expressed as
where r is the density of injection fluid (kg/m 3 ), and v is the velocity of injection fluid (m/s). The equation of motion in vertical wellbore is written as dP dx
where P is the pressure of injection fluid (Pa), g is the acceleration of gravity (m/s 2 ), l is the friction coefficient between fluid and injection tube, and D is the interior diameter of injection tube (m). On the right side of Eq. (6), the first term reflects fluid gravity on the pressure gradient, which is called gravity term for short. Similarly, the second and the third terms are called acceleration term and friction term, respectively.
The energy conservation equation which will supply the fluid temperature will not be coupled with the above two equations as an explicit temperature formula will be cited in Section 4.
The equation of state (EOS) of fluid is r ¼ PM ZRT
where Z is the deviation factor or compression factor, R is the universal gas constant, T is the thermodynamic temperature, and M is the gas molar mass. Eq. (5) implies that
where C is the constant independent of wellbore coordinate. Its physical meaning is the mass flow rate of the wellbore.
Eliminating r from Eqs. (7) and (8) yields
Substituting Eqs. (7) and (9) into Eq. (6) arrives at:
Eq. (10) is a differential equation about pressure P and deviation factor Z. To transform Eq. (10) to an ordinary differential equation in terms of P, Z has to be replaced with a function dependent on P. However, there are several ways to acquire Z such as empirical formulas, table or chart-looking up methods and EOS method, but there is not a widely accepted formula about Z. This makes it difficult to discuss the analytical solution.
We can have an explicit solution of node pressure by applying the finite difference scheme (Bai et al., 2012 ):
Looping all the line segments from well bottom, the pressure profile and the wellhead pressure can be obtained. Gas temperature is calculated using Ramy's formula, Z is calculated based on Penge Robinson's equation and viscosity will be calculated with Guo's method (Guo et al., 1999) . The bottom-hole pressure which is the initial value of the pressure equation will be given through the product of formation fracture pressure and a reduction factor belonging to (0, 1). This is to ensure the wellbore formation stability.
Wellbore heat transmission
During injection, the temperature of gas in the tubing at any depth depends on the heat transmission process because of temperature difference between the gas and the formation. There are several factors influencing this process including gas velocity, injection duration, thermal conductivity of the media outside the tubing and the initial temperatures of gas and the surrounding formations. Ramy Jr (1962) presented an explicit temperature prediction function as follows: (14) where a is the geothermal gradient ( C/m), b is the average temperature of ground surface ( C), T 0 is the temperature of injection fluid ( C), H is the depth of fluid (m), t is injection time (h), G t is the injection rate (t/d), K t is the coefficient of thermal conductivity of rock (W/(m K)), r to is the tubing outer diameter (m), x is the average heat release coefficient of formation (m 2 /h), r n is the inner diameter of borehole (m), and U t is the total heat transfer coefficient from fluid to formation (W/(m 2 K)).
Results and application
The Shihezi formation was chosen for the first-time trial injection of the Shenhua CCS demonstration project. The basic information about this formation is listed in Table 2 . Fig. 11 displays the geothermal curve, in which the segment above 1599 m was given with 2.93 C per 100 m (Ren et al., 2007) , while the segment below 1600 m was drawn directly from logging data.
Although the project's target is to inject CO 2 at least 0.1 Mtpa, the annual injection amount for this single formation was set to 45 kilotonnes considering there are many formations available. Assume injection takes place 300 d each year and 1 d for 24 h, then we have C ¼ 575 kg/(m 2 s). Fig. 12 shows the CO 2 pressure profile along the wellbore. The wellhead pressure is 19.5 MPa. Fig. 13 illustrates the calculated temperature profile in the tubing. For comparison, the formation temperature profile is also plotted in the same figure.
Considering that there exist many uncertainties in engineering project, an upper limit wellhead pressure of 18 MPa is advised from these calculation results. In January 2011, 25.2 t CO 2 was successfully injected to Shihezi formation. The effective injection rate was about 0.44 kg/s, and the wellhead pressure increased from 11.25 MPa to 18.92 MPa. The successful trial injection shows that upper limit wellhead pressure of 18 MPa from the determination method in this paper is reliable. For the trial injection at a certain flow injection rate, the wellhead pressure showed a sudden drop after it reached the maximum value. This phenomenon confirmed that the decline was not induced by the failure of injection equipment, although the entire mechanism of such a sudden drop was not fully understood yet. However, this maximum wellhead pressure is very close to the recommended upper limit of wellhead pressure. It is also noted that in the subsequent injections, the upper limit of wellhead pressure was adjusted because the fracturing and perforating were adopted to improve the permeability of the formation . 
CO 2 injection induced damage zone
The challenges associated with CCS are highly cross-disciplinary. Costly consequences of wellbore instability problems are one of the major challenges in the implementation of a successful CCS project (Li and Jing, 2013) . Work on CO 2 geological storage in subterranean formations has greatly renewed interests in investigating the longterm effects of CO 2 on wellbore instability . Over the past several decades, there have been numerous investigations into developing analytical models for mechanical wellbore stability (Bradley, 1979; Aadnoy and Chenevert, 1987; McLean and Addis, 1990; Cui et al., 1998; Ghassemi and Zhang, 2004; Savari and Kumar, 2012) . All the models have in common that they regard the wellbore as a circular hole in a rigid infinite body subjected to far-field principal compressive stress (Li and Jing, 2013; Rahimi, 2014) . They considered the wellbore constitutive model as a linear poroelastic material with isotropic rock deformation and strength properties in a two-dimensional (2D) or 3D principal stress field (Tang et al., 2002) .
This section proposed a coupled thermo-poroelastic model with integration of a damage factor to predict stress response and damage propagation around the wellbore due to CO 2 injection (Li and Jing, 2013) . The accuracy of proposed model is verified in comparison to the decoupled analytical solution. The numerical results indicate that the supercritical CO 2 injection can change the rock's strength state and permeability distribution significantly. Too high injection rates and low injection temperature will facilitate the tensile damage, extend the tensile damage zone, and thus be more vulnerable to permeability increase.
Mathematical formulations
In this section, a linear thermal poroelastic theory is used to achieve the implementation of coupling among temperature (T), seepage (H) and stress (M) fields. The governing equations for the THM coupled processes are addressed as follows (Bai and Elsworth, 2000; Hudson et al., 2001) :
where M b is the Biot's modulus; G is the shear modulus; ε ij is the strain tensor components; y is the Darcy flow velocity; u is the displacement tensor; K is the bulk modulus of rock; a is the BiotWillis coefficient; p is the fluid pressure; f is the porosity of rock; k is the permeability; h is the viscosity of fluid; c T is the thermal diffusivity; n d is the drained Poisson's ratio; n u is the undrained Poisson's ratio; b s and b f are the volumetric thermal expansion coefficients of solid matrix and pore fluid, respectively. In this section, a widely used elastic damage model (Tang et al., 2002) is implemented in our computational code. It is capable of evaluating CO 2 injection induced damage zone around the wellbore. The elastic damage constitutive relation is proposed to bridge the coupling equations of flow and damage. In elastic damage mechanics, the elastic modulus of the element may degrade gradually as damage progresses, and the elastic modulus of the damaged element is defined as follows (Tang et al., 2002) :
where d indicates the damage variable; E and E 0 are the elastic moduli of the damaged and undamaged structural elements, respectively. As expressed, d ¼ 0 denotes no damage occurring in the element. For simplicity, the element and its damage are assumed to be isotropic and elastic, and therefore all the variables in Eq. (20) are all scalar. If the damage occurs in the compressive stress zone, the aforementioned damage factor is defined as
where f cr represents the residual compressive strength; ε is the average strain, and is defined as
where ε 1 , ε 2 and ε 3 are three principal strains.
If the damage occurs in the tensile stress zone, the aforementioned damage factor is defined as
where f tr represents the residual tensile strength.
To describe the element damage under a compressive or shear stress condition, the MohreCoulomb criterion is adopted as the damage criterion:
where s 1 and s 3 are the maximum and minimum principal stresses, respectively. Changes in the permeability of the elastic zone (Eq. (25)) and damage zone (Eq. (26)) may represent as follows:
where k 0 is the initial permeability; z d (z d > 1) is the damage factor of permeability, which reflects the increase in permeability that is induced by damage; b d is a coupling parameter that reflects the influence of stress on the coefficient of permeability.
Model setup
In this section, CO 2 injection induced damage zone and its related permeability change around the wellbore are examined for CO 2 geological storage into deep saline aquifers. Deep reservoirs are sandstone formations, and the injected fluid is using supercritical CO 2 .
The wellbore is regarded as a circular hole in a plane, i.e. 2D scenario. Only one-quarter of the model is considered in the computation. The discretized finite element meshes of the computational geometry are plotted with a depiction of the boundary conditions and initial conditions of all the physical fields (Fig. 14) . All the parameters used in the multiphysical computation are listed in Table 3 .
Results and discussion
The developed model is applied to a homogeneous material. Fig. 15 shows the change of tangential stress after CO 2 injection starts. As is shown, the compression stress zone reduces quickly with the injection of CO 2 ; however, the tensile stress zone increases rapidly because the interaction between fluid and rock is observed around the wellbore region. It may predict that the final wellbore damage is mainly due to the tensile stress. The integrated assessment of the wellbore performance is indispensable for management of injection.
The effects of injection temperature on the near-field damage of the injection wellbore can be examined by the elastic damage factor defined in Fig. 16 . The difference of the temperature between injection fluid and reservoir influences the injection induced damage zone, i.e. the greater the difference is, the larger the damaged zone is. Li and Jing, 2013) .
Table 3
Parameters used in the model including properties of rock, fluid (CO 2 ), and elastic damage.
Symbol
Unit Value Injection velocity (or pressure) of the disposal fluid is also affecting the rock physical behaviors of the reservoir. In Fig. 17 , the damaged elastic moduli (E values in Eq. (20) ) of the whole computational zone are depicted for different injection velocities of fluid after 100 s of CO 2 injection. The faster the velocity is, the larger the damaged elastic modulus is.
Effects of coal mining
According to the site-specific conditions of the Shenhua CCS demonstration project (Wu, 2013; Li et al., 2014c) , the coal seams overlying the saline aquifers will be mined out after three years' injection of CO 2 with an injection rate of 0.1 Mtpa is completed (Fig. 7) . Therefore, some key issues arise to be addressed as follows:
(1) Both CO 2 injection and coal mining may cause stress redistribution problems such as compaction and loosening of overlying formations, potential susceptibility to crack extension or linkage, fault activation, wellbore damage, and induced seismicity Fei et al., 2014) . (2) Coal excavation could possibly lead to floor heave, roof collapse, and surface subsidence, which will influence the surrounding environments, surface architectures, and endanger human life and property in the vicinity of the injection site . (3) Coal mining may also promote wellbore failure if the stope border is too close to the wells (Fei et al., 2015) . (4) It is a challenging issue that how the state of rocks changes under the combination of coal mining and CO 2 geological storage and how the safety will be influenced each other (Fei et al., 2015) . In this section, the effects of coal mining on CO 2 reservoir and injection wellbore would be briefly discussed.
Effects of coal mining on reservoir
As for the Shenhua CCS demonstration project, a coupled multiphysical analysis is conducted to investigate the interaction of CO 2 storage in deep saline aquifer and overlying coal exploitation in consideration of CO 2 injection rate of 0.1 Mtpa and three years' injection period. According to the orthogonal test results (Li et al., 2014c) , the casing reaches the design strength when coal mining is 90 m from the injection wellbore. Fig. 18 shows the pore pressure changes in the top of reservoir each year during three years' CO 2 injection and the scenario when the casing reaches the design strength. The pore pressures in the top of reservoir increased in the first three years, and the peak values at the injection wellbore are 21.97 MPa, 22.36 MPa and 22.61 MPa at the 1st, 2nd and 3rd year, respectively. The pore pressures around the injection wellbore started to fall after three years' injection and the pressure was 22.04 MPa when the casing reached the design strength. At the farthest point from the injection wellbore in the strike direction of coal mining (left of Fig. 18 ), the pore pressures also increased and reached 21.19 MPa, 21.55 MPa and 21.92 MPa at the end of each year, respectively. However, the pore pressures still reached 22.04 MPa after injection stop because the pore pressures diffused around the wellbore. Fig. 19 shows the displacements in the top of reservoir each year during CO 2 injection and in the scenario when the casing of the injection well reaches the design strength. The displacements increase gradually from the start to the end of the injection period, and the peak values of displacements in the three years' injection are 0.453 mm, 0.729 mm and 0.971 mm, respectively. Even though the injection of CO 2 stops at the end of the 3rd year, overlying coal mining still uplifts the top of reservoir evidently because of the floor heave induced by stress redistribution. The peak value of displacement reaches 2.16 mm in the end. Meanwhile, it can be observed in Fig. 19 that the maximum point of displacements moves from wellbore to the median of mining range between the left and right boundaries. At the farthest point from the injection wellbore in the strike direction of coal mining (left of Fig. 19) , the displacements at the top of reservoir are also growing up to 0.129 mm, 0.348 mm and 0.600 mm at the end of each year, respectively. The influence of coal mining on the boundaries is much smaller than the midpoint of the reservoir immediately underneath the coal mining area. When the wellbore reaches the design strength, the displacement of left boundary is 0.05 mm greater than the previous state before coal mining, and it finally reaches 0.65 mm after coal mining. The aforementioned insignificant overall changes of the displacements are likely reflected in the designed volume of CO 2 injection and conditions of geological structures. When considering large volume of CO 2 injection in the future commercial operation and associated displacements, the inputs for environmental governance of mining activities should be more focused on. 
Effects of coal mining on wellbore
The injection pressure of CO 2 injection wellbore is about 5 MPa for the Shenhua CCS demonstration project (Bai et al., 2012; Fei et al., 2015) . Axial buckling deformation of the casing will increase when losing support from the surrounding reinforcement, which constrains the horizontal displacement of the casing. As shown in Fig. 20 , the deformation is observed in the entire formation along the casing due to the CO 2 injection. More specifically, the casing uplifts 0.04 m while exhibiting slight horizontal displacement. However, the casing achieves larger vertical and horizontal displacements (À0.32 m and À0.14 m, respectively) when the tunnel face of coal mining is 90 m away from the wellbore. The vertical displacement of the lower part of the casing is very small, and the displacement is barely observed deeper than 875 m (see the axial strain plot of the casing in Fig. 21) . Because of the casing buckling, the right maximum horizontal displacement of 0.075 m can be observed (Fig. 20) at the same depth of the coal seam. In the lower part of the coal seam, the casing first tilts to the left and then shows no displacement in the bottom. Note that in Fig. 19 . Displacements along the top of reservoir (modified after Fei et al., 2015) . Fig. 18 . Change of pore pressures along the top monitoring line of reservoir in the strike direction (modified after Fei et al., 2015) . Fig. 21 four extreme points correspond to the four junctions of the coal seams and their adjacent strata. Therefore, more attention should be paid to the weak interlayers around the wellbore.
Conclusions
This paper reviewed the project profiles and the main geomechanical issues at the Shenhua CCS demonstration site. A geomechanical methodology for CO 2 storage project was proposed based on the practices of the Shenhua CCS demonstration project and the other similar projects. The following conclusions can be drawn in this context:
(1) The mechanical integrity of caprock is a hot issue in the safety assessment of the Shenhua CCS demonstration project. The greatest challenge for CO 2 storage in the Ordos Basin is that the CCS activity and the coal mining sometimes unavoidably encounter each other at the same site location. (2) A fast explicit finite difference method was used to design the maximum wellhead pressure during the trial injection into Shihezi formation. It is concluded from the trial injection that the upper limit of wellhead pressure of 18 MPa is reliable. (3) Concerning the injection induced damage zone, the simulation results show that the compression stress zone reduces quickly. However, the tensile stress zone increases rapidly around the wellbore region during the injection of CO 2 . It may predict that the final wellbore damage is mainly induced due to the tensile stress. The integrated assessment of the wellbore performance is desirable for the management of injection. (4) The effects of coal mining on reservoir are not significant; however, more attention should be paid to the weak interlayers around the wellbore. 201211063-4-1). distance from a stress point in the principal stress space to the yield surface along the most unfavorable path Fig. 20 . Displacement along the wellbore when CO 2 injection stopped and when the distance between tunnel face of coal mining and wellbore was 90 m u 1 1 and u 1 2 are respectively the horizontal and vertical displacements when CO 2 injection is completed; u 2 1 and u 2 2 are respectively the horizontal and vertical displacements when the distance between tunnel face of coal mining and wellbore was 90 m (modified after Li et al., 2014c) . 
